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Edited by Vladimir SkulachevAbstract Organ failure induced by endotoxic shock has re-
cently been associated with aﬀected mitochondrial function. In
this study, eﬀects of in vivo lipopolysaccharide-challenge on pro-
tein patterns of rat liver mitochondria in treated animals versus
controls were studied by two-dimensional electrophoresis (diﬀer-
ential image gel electrophoresis). Signiﬁcant upregulation was
found for ATP-synthase a chain and superoxide dismutase
[Mn]. Our data suggest that endotoxic shock mediated changes
in the mitochondrial proteome contribute to a compensatory
reaction (adaptation to endotoxic shock) rather than to a mech-
anism of cell damage.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Septic/endotoxic shock has previously been shown to aﬀect
mitochondrial function and may cause multiple organ failure
[1]. Mediators of endotoxic response, such as tumor necrosis
factor, intracellular calcium accumulation, nitric oxide, and in-
creased generation of reactive oxygen species (ROS) enhance
the opening of mitochondrial permeability transition pores.
This results in mitochondrial swelling, loss of function, release
of cytoplasm signalling molecules (e.g., cytochrome c), and
ultimately causes cell death by necrosis and apoptosis [2].
In recent years, we and other groups have attempted to iden-
tify the complete set of proteins localized in mitochondria in
order to better understand their cellular functions and how
they communicate with other cell compartments in complex
signalling pathways such as oxidative stress and apoptosis [3].
Proteomics, particularly two-dimensional electrophoresis
(2-DE), is widely used to ﬁnd biomarkers characteristic forAbbreviations: 2-DE, two-dimensional electrophoresis; ALDH1, mito-
chondrial aldehyde dehydrogenase; ALT, alanine aminotransferase;
DIGE, diﬀerential image gel electrophoresis; hsp60, 60 kD heat shock
protein; LPS, lipopolysaccharide; MS, mass spectrometry; ROS, rea-
ctive oxygen species; SOD, superoxide dismutase
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doi:10.1016/j.febslet.2006.01.040particular diseases [4,5]. Databases have been built to charac-
terize body ﬂuids, tissues, cells, subcellular organelles includ-
ing mitochondria in health and disease [6]. The exploration
of the mitochondrial proteome under pathological conditions
only started a few years ago and has revealed coordinated
protein up- and downregulation in response to pathologic
and adaptive processes. For example, Venkatraman et al. [7]
have recently reported that expression levels of 43 mitochon-
drial proteins are aﬀected in response to chronic alcohol con-
sumption. Turko and Murad [8] have documentated
alterations caused by experimental diabetes in heart mito-
chondria of streptozotocin-treated rats. Identiﬁcation of these
changes in the proteome provides a good molecular basis of
those pathologic states. The aim of our study was to clarify
whether the mitochondrial proteome responds to endotoxic
shock or not, and if so, whether that response can be beneﬁ-
cial or harmful.2. Materials and methods
2.1. Animals
Adult male Sprague–Dawley rats weighing 280 ± 21 g (Animal Re-
search Laboratories, Himberg, Austria) were used. The local Commit-
tee on Animal Experiments of Vienna, Austria approved the study. All
experiments were performed under the conditions described in the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health (publication NIH 86–23; revised 1985). Animals
of the control group received saline i.p. (n = 5) and the treated groups
8 mg lipopolysaccharide (LPS; Escherichia coli 026:B6, Difco, Detroit,
MI)/kg i.p. (n = 5). The rats were killed 16 h after injections and hep-
arinized blood was withdrawn for biochemical analysis. The liver was
quickly extracted and placed in ice-cold preparation buﬀer. Serum ala-
nine aminotransferase (ALT) and creatinine were measured as previ-
ously described [9].2.2. Preparation of mitochondria
Rat liver mitochondria (RLM) were prepared as previously de-
scribed [10] and stored in a buﬀer containing 0.25 M sucrose, 10 mM
Tris, 0.5 mM EDTA and 0.05% BSA (pH 7.2). For proteome analysis,
mitochondria were additionally washed twice in BSA-free buﬀer.
Respiratory parameters of RLM were determined with an Oxygraph-
2k (OROBOROS Instruments high resolution respirometry, Austria).
The parameters of mitochondrial respiration (respiration rate in states
3 and 4) of RLM (0.5 mg/ml) were measured in buﬀer containing
80 mM KCl, 5 mM KH2PO4, 20 mM Tris–HCl, 1 mM diethylenetri-
aminepentaacetic acid, 0.1% bovine serum albumin, pH 7.4, and succi-
nate (1 M) or 0.5 M glutamate plus 0.5 M malate.blished by Elsevier B.V. All rights reserved.
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The rates of ROS generation in mitochondria isolated from
control- and LPS-treated rats were detected in the presence of 250 lM
of 1-hydroxy-3-carboxy-pyrrolidine, using electron spin resonance spec-
troscopy as described previously [11,12]. As substrates we used either
glutamate/malate or succinate as previously described. Standard solu-
tions of 3-carboxy-proxyl were used to quantify ROS levels.
2.4. DIGE 2-DE
Protein content of the mitochondria preparations was determined by
Coomassie G-binding assay [13]. Sample preparations were diluted at
least 6-fold with 30 mM Tris–HCl, 9 M urea, 4% CHAPS (w/v), at pH
8.5 and minimally labelled with CyDyes (GE Health Care, formerly
Amersham Biosciences; Uppsala, Sweden) according to the instruc-
tions of the manufacturer (8 nmol dye/mg protein). Cy3 and Cy5 were
used for samples, Cy2 was used for the internal standard (a pool of all
samples), applying 25 lg protein per ﬂuorophore and gel.
Classical 2-DE was performed in accordance with existing protocols
[14,15] using nonlinear pH 4–10 immobilized gradient strips of 10 cm
length and 140 · 140 · 1.5 mm SDS–PAGE gels (T = 10–15% linear
gradient, C = 2.7%). After the 2-DE run, gels were scanned on a Ty-
phoon 9400 imager and evaluated with DeCyder Software V5.02 (all
GE Health Care). The ratios between volumes of single spots in the
samples and the corresponding spots in the internal standard were cal-
culated and presented in the ﬁgures.2.5. Protein identiﬁcation by nano-HPLC–MS/MS protein sequencing
After scanning, 2-DE diﬀerential image gel electrophoresis (DIGE)-
gels were stained by a modiﬁed silverstaining procedure according to
Heukeshoven [16]. To make it mass spectrometry (MS)-compatible,
glutaraldehyde was omitted from the sensitizing solution and formal-
dehyde from the impregnating solution. Gels were scanned with a
Sharp JX-330 ﬂatbed scanner. Diﬀerentially regulated spots were iden-
tiﬁed in the silverstaining pattern, excised and subjected to in-gel pro-
tein reduction, alkylation and trypsination [17].
All nano-HPLC separations were performed on an UltiMate system
from LC Packings (Amsterdam, Netherlands) combined with an ion
trap mass spectrometer (LCQ Deca XPplus, Thermo Finnigan) as de-
scribed previously [17]. Analysis of MS/MS spectra with respect to
peptide identity was routinely performed by applying both the MAS-
COT [18] (Matrix Science) and the SEQUEST [19] (Thermo Finnigan)
search engines. A peptide was reliably identiﬁed only if the individual
peptide score was P 40 (Mascot) and P 3 for triply charged peptides
and P 2.5 for doubly charged peptides (Sequest), respectively.2.6. Statistical analysis
Statistic features in DeCyder were used for evaluation of 2-DE gels.
For all protein spots, comparison between animals/animal groups was
calculated, as change in volume ratios and with Student’s t test as selec-
tion criteria. Protein spots, which were found diﬀerentially expressed
between groups (ﬁltering conditions: at least 50% change of ratios be-
tween groups and t test P 6 0.05) were extracted. Signiﬁcance diﬀer-
ences were calculated using Mann–Whitney for group comparisons
and Spearman test for correlation.*
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Fig. 1. Markers of endotoxic shock in control animals and in animals subje
determined in plasma. Diﬀerence is signiﬁcant (Mann–Whitney test; 2-tailed3. Results
3.1. Organ damage
Animals receiving LPS had signiﬁcantly higher plasma levels
of ALT and creatinine (markers of liver and kidney damage,
Fig. 1).
3.2. Mitochondrial function and ROS generation
ROS generation in the presence of glutamate showed an
increasing trend but did not reach signiﬁcance (Fig. 2A).
ROS generation did not change markedly when succinate
was used as a substrate for mitochondria (Fig. 2B).
Respiration rate in state 4 did change either in the presence
of succinate or glutamate. In contrast, respiration in state 3
was signiﬁcantly elevated in LPS treated rats (Fig. 3).
3.3. Mitochondrial 2-DE protein pattern
Fig. 4 (large panel) shows a comparison of mitochondria 2-
DE protein patterns obtained from pooled control and LPS
samples. The inserts left and right display typical variations
for selected areas when analysing single samples instead of
pools. The large panel and inserts are a colour overlay from
control (red) and LPS treated (green) samples obtained by
DIGE-technology. Consequently, proteins/protein fragments
unique in one of the two samples appear as red or green spots;
yellow spots are in common. We have detected 1112 spots on
2-DE gels. Inserts in Fig. 4 show diﬀerent degrees of variability
in protein patterns. Inserts 4A and 4B represent marked vari-
ability not related to treatment. Insert 4C represents little var-
iability in protein patterns. Signiﬁcant changes were found in
the area shown in insert 4D. The most variable protein was
found in region 4B and identiﬁed as mitochondrial aldehyde
dehydrogenase (ALDH1, see #6 in Table 1) [20]. We have
determined three diﬀerent ALDH1-patterns depending on
the distribution of four isoforms of this enzyme (see
Fig. 4B), but they appeared equally in LPS treated and control
animals.
Quantitative evaluation with ﬁltering based on spot volume
change and t test allowed extraction of 68 low abundant spots,
which were diﬀerentially expressed in treated vs. control ani-
mals, but only few of them could also be clearly detected in
MS-compatible staining. The latter were identiﬁed by mass
spectrometry as mitochondrial enzymes and summarized in
Table 1; their positions on the gels are indicated in Fig. 4. Sta-
tistical analysis, however, revealed that only two protein spots
are signiﬁcantly diﬀerent in expression levels: ATP-synthase a-Control
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Fig. 3. Eﬀect of LPS on the rate of respiration of RLM. Oxygen
uptake was determined in state 4 and in state 3 with glutamate/malate
and succinate. The rate of respiration in state 3 was signiﬁcantly higher
in LPS treated rats. Diﬀerence is signiﬁcant (Mann–Whitney test; 2-
tailed): * at the 0.05 level.
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Fig. 2. ROS generation in control RLM and mitochondria obtained from rats subjected to endotoxic shock. Glutamate/malate (A) and succinate (B)
were used as substrates.
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(SOD) [Mn] (#5 in Table 1 and Fig. 4). Both proteins were
upregulated about 1.5–2.5-fold (average values) in LPS-chal-
lenged rats (Fig. 5). In addition, ATP-synthase d-chain (#2
in Fig. 4D) and one faint spot of 60 kD heat shock protein
(hsp60; #1 in Fig. 4) had trends to decrease in LPS challenged
rats. In the map published by Fountoulakis and co-authors
[21] there was also a second, more prominent spot for the
ATP-synthase d-chain. We identiﬁed this spot in our gels as
well; it had been ﬁltered out in the evaluation process as an al-
most constant spot (#3).3.4. Correlations between all parameters studied
Regression analysis has shown that there is no correlation
between upregulated mitochondrial proteins on the one hand
and ALT and creatinine on the other. In contrast, we found
good correlation between expression of mitochondrial SOD
and ATP-synthase a-chain on the one hand and glutamine
dependent ROS generation on the other hand (R = 0.726
(P < 0.05) and R = 0.740 (P < 0.05), respectively).4. Discussion
The aim of the present study was to characterize the re-
sponse of the mitochondrial proteome to endotoxic shock.
We found changes in two mitochondrial enzymes upregulated
in liver mitochondria in rats with endotoxic shock, ATP-syn-
thase a-chain and SOD [Mn]. Although upregulation of these
proteins was accompanied by a signiﬁcant increase of ALT
and creatinine levels in plasma, no correlation was found be-
tween these events. This indirectly suggests that the expression
of mitochondrial proteins is not directly involved in a process
resulting in damage to the plasma membrane. On the other
hand, we have found good correlation between expression of
ATP-synthase/SOD and glutamine dependent ROS genera-
tion. This indicates that expression of mitochondrial proteins
is probably involved in a signalling mechanism(s) mediated
by ROS. The correlation with glutamate dependent ROS for-
mation suggests that complex I is likely involved in the signal-
ing mechanism(s).
Mitochondrial ATP-synthase is responsible for the produc-
tion of most of the cellular ATP eukaryotic organisms require
to meet their energy needs. The ATP-synthase complex is com-
posed of two major units: F0, which is embedded within the in-
ner membrane, and F1, the catalytic core. The a-chain is a
regulatory subunit of F1; the d-chain belongs to the nonenzy-
matic component of the second stalk of the ATPase complex
[22,23]. For the d-chain, we found two spots. The major spot
(almost 10 times more prominent than the other) was almost
constant, while the minor spot showed a slight decrease in
LPS-treated animals. In contrast, the concentration of the a-
chain of the ATP-synthase considerably increased in most
LPS-treated animals. Expression of a-chain was accompanied
by increased respiration in state 3, suggesting an increase in
ATP-synthase activity. However, the conﬁrmation of this
assumption requires further studies, particular on the other
subunits of this enzyme. The data obtained in our study and
Fig. 4. Two-DE image of RLM samples, obtained by DIGE. Spots in green and red are corresponding to protein samples from animals of LPS and
control groups, respectively. Overlap between green and red spots results in yellow spots (spots in common in both patterns). For protein
identiﬁcations (#1 to #6) see Table 1. The main panel compares pooled LPS and control animals, the inserts left and right show typical variations in
single animals. The following areas are especially interesting: A, strong variations in LPS animals (not statistically signiﬁcant, not identiﬁed); B,
strong variations in both control and LPS animals (not statistically signiﬁcant, aldehyde dehydrogenase, #6); C, no variations, no diﬀerence between
LPS and control (not statistically signiﬁcant, not identiﬁed); D, statistically signiﬁcant diﬀerences (4, ATP-synthase a-chain; 5, SOD [Mn]).
Table 1
Identiﬁed proteins
Spot# Proteins identiﬁed by MS SWISS-Prot entry
1 hsp60, mitochondrial P63039
2, 3 ATP-synthase d-chain, mitochondrial P31399
4 ATP-synthase a-chain, mitochondrial or
mitochondrial H+-ATP-synthase a subunita
P15999
Q6P753
5 SOD [Mn], mitochondrial P07895
6 Aldehyde dehydrogenase, mitochondrial or fragments thereof P11884, Q8K3V8, Q6Q290, Q6Q289, Q6Q288, Q91ZD7
aP15999 and Q6P753 have the same sequence, except for additional 10 N-terminal amino acids in Q6P753 (transit peptide).
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Fig. 5. Eﬀect of LPS on the expression of ATP-synthase a-chain (A) and SOD (B) in liver mitochondria. Units on the y-axis are volume ratios (see
Section 2.4). Diﬀerence is signiﬁcant (Mann–Whitney test; 2-tailed): * at the 0.05 level; ** at the 0.01 level.
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mitochondria under endotoxic shock are at the ﬁrst look in
contradiction to other data, showing that mitochondrial swell-
ing occurs in endotoxic shock [1,27]. The possible explanation
is that moderate swelling does not aﬀect mitochondrial func-tion [28]. This fact suggests that mitochondrial function can
be diﬀerent depending on the phase of endotoxic shock as it
has been recently suggested [29,30].
An interesting correlation was observed between SOD [Mn],
a potent trap for superoxide radicals, and ROS production in
I. Miller et al. / FEBS Letters 580 (2006) 1257–1262 1261mitochondria. This ﬁnding is in line with previous data report-
ing an increase in SOD activity in liver tissue [31] and particu-
larly of Mn–SOD in response to endotoxic shock [32,33]. The
fact that we have found a good correlation between SOD and
ROS levels suggests that upregulation of SOD can be a re-
sponse to increased ROS formation induced by LPS. There-
fore, it can be interpreted as a mechanism of the tolerance to
endotoxin-mediated oxidative stress. The fact that an increase
in SOD can be accompanied by both a decrease as previously
reported [34] and an increase in the expression of ATP-syn-
thase (our study) suggests that the expression of these two en-
zymes requires diﬀerent stimuli. One of the mechanisms
underlying upregulation of two mitochondrial proteins re-
ported in our study can be protein turnover accelerated by
nitration [35].
All together, our data suggest that under endotoxic condi-
tions the mitochondrial proteome is likely to contribute to a
compensatory reaction responding to a loss of mitochondrial
function and to oxidative stress rather than to a mechanism
of cell damage. This response includes (i) upregulation of
ATP-synthase, possibly to compensate the low level of ATP,
and (ii) upregulation of SOD to increase mitochondrial antiox-
idant capacity.
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